To investigate the relative contribution of total body fat mass (TFM) and intra-abdominal fat mass (IAFM) to metabolic consequences of obesity in offspring of type 2 diabetic parents. DESIGN: Cross-sectional study of 129 nondiabetic offspring of diabetic parents (59 men, 70 women, age 35.776.3 y, body mass index 26.274.6 kg/m 2 ). Study subjects were grouped according to TFM (assessed with bioelectrical impedance) and IAFM (assessed with CT). Insulin sensitivity was assessed with the euglycemic hyperinsulinemic clamp, insulin secretion with the intravenous glucose tolerance test and energy expenditure with indirect calorimetry. Furthermore, C-reactive protein (CRP) and adiponectin levels were measured. RESULTS: Insulin resistance, low rates of oxidative and nonoxidative glucose disposal, high rates of lipid oxidation and reduced energy expenditure during hyperinsulinemia were associated with high IAFM, independently of TFM. Adiponectin level was reduced and CRP level increased in subjects with high IAFM. CONCLUSIONS: The metabolic changes relating to obesity are largely attributable to high IAFM, and are present even in normal weight subjects with high IAFM.
Introduction
Obesity is associated with insulin resistance, metabolic syndrome and type 2 diabetes (T2DM). Susceptibility to complications of obesity is particularly associated with abdominal obesity, and waist circumference has been considered a reliable marker for the metabolic syndrome. 1 However, controversy still exists on the relative contribution of visceral abdominal fat and subcutaneous fat to metabolic consequences of obesity. [2] [3] [4] [5] [6] [7] [8] Previous conflicting findings may partially be due to the heterogeneity of study designs. There are only a few studies where insulin sensitivity has been assessed by the hyperinsulinemic clamp and fat distribution by CT or MRI. [2] [3] [4] [5] [7] [8] [9] Furthermore, the number of subjects has been limited (mostly o50 subjects) and study subjects have differed considerably with respect to gender, age, body weight and glucose tolerance. No previous data are available on substrate oxidation with respect to fat distribution. First-degree relatives of T2DM patients are genetically predisposed to insulin resistance and they are often obese, and therefore they are ideal study subjects when assessing metabolic consequences of obesity. However, there are only few previous studies including a small number of subjects investigating metabolic changes related to visceral obesity in first-degree relatives of T2DM patients. 4 ,10 Therefore, we metabolically characterized 129 nondiabetic offspring of patients with T2DM, and divided these subjects into four different groups according to total fat mass (TFM) and intraabdominal fat mass (IAFM). The primary aim of the study was to investigate the relative contribution of general vs intra-abdominal obesity to metabolic consequences of obesity, particularly on insulin resistance, changes in energy expenditure, substrate oxidation and levels of adipokines.
Subjects
Altogether, 129 offspring of patients with T2DM were included in the present study. The probands were randomly selected from T2DM patients living in the Kuopio University Hospital region. The exclusion criteria for the selection of the subjects were: (1) diabetes mellitus or any other disease that could potentially disturb carbohydrate metabolism; (2) diabetes mellitus in both parents; (3) pregnancy; and (4) age under 25 or over 50 y. The Ethics Committee of the University of Kuopio and the Kuopio University Hospital approved the study protocol. All study subjects gave informed consent.
Study design
The studies were conducted on the metabolic ward of the Department of Medicine at the Kuopio University Hospital on three different occasions 1-2 months apart, as previously described in detail. 11 On the first visit, blood pressure was measured in a sitting position after a 5-min rest with a mercury sphygmomanometer. Height and weight were measured to the nearest 0.5 cm and 0.1 kg, respectively. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Waist (at the midpoint between the lateral iliac crest and lowest rib) and hip circumference (at the level of the trochanter major) were measured to the nearest 0.5 cm. Blood samples were drawn for the measurement of plasma glucose, insulin, C-peptide and serum lipids after 12 h fast followed by an oral glucose tolerance test (OGTT). On the second occasion, bioelectric impedance measurement and indirect calorimetry were performed after 12 h fast followed by an intravenous glucose tolerance test (IVGTT) and the hyperinsulinemic euglycemic clamp, respectively. Indirect calorimetry was reperformed during the last 30 min of the euglycemic clamp. On the third occasion, a CT scan for the evaluation of the abdominal fat area and exercise test to determine maximum oxygen uptake were performed.
Metabolic studies
In a 2-h OGTT (75 g of glucose) blood samples for plasma glucose and insulin determinations were drawn at 0, 30, 60, 90 and 120 min to evaluate glucose tolerance. Those with normal (NGT) or impaired (IGT) glucose tolerance according to the World Health Organization criteria 12 were included in the study. An IVGTT was performed to determine the first phase insulin secretion capacity. 13 After baseline blood collection, a bolus of glucose (300 mg/kg in a 50% solution) was given within 30 s into the antecupital vein in order to raise acutely the blood glucose level. Samples for the measurement of blood glucose and plasma insulin were drawn at À5, 0, 2, 4, 6, 8, 10 and 20 min. The degree of insulin sensitivity was evaluated with the euglycemic hyperinsulinemic clamp technique.
14 After an IVGTT, a priming dose of insulin (Actrapid 100 IU/ml, Novo Nordisk, Gentofte, Denmark) was administered during the initial 10 min to raise acutely plasma insulin to the desired level, where it was maintained by a continuous infusion rate of 240 pmol/min/m 2 body surface area. Blood glucose was clamped at 5.0 mmol/l for the next 120 min by infusion of 20% glucose at various rates according to blood glucose measurements performed at 5-min intervals. The mean amount of glucose given was calculated for each 20-min interval and the mean value for the last 20-min interval was used as the rates of whole body glucose uptake (WBGU). Samples for insulin and serum free fatty acid (FFA) measurements were drawn at 0 and 120 min. A previous study has shown that an IVGTT prior the euglycemic clamp does not have a significant effect on insulin sensitivity. 15 Indirect calorimetry was performed with a computerized flowthrough canopy gas analyzer system (DELTATRAC s , TM Datex, Helsinki, Finland). Gas exchange was measured for 30 min in the fasting state (before an IVGTT) and during the last 30 min of the euglycemic clamp. The mean value of the data during the last 20 min was used to calculate glucose and lipid oxidation. Protein oxidation was calculated on the basis of the urinary nonprotein nitrogen excretion rate. 16 The fraction of carbohydrate nonoxidation during the euglycemic clamp was estimated by subtracting the carbohydrate oxidation rate from the glucose infusion rate.
Body composition and abdominal obesity Body composition was determined by bioelectrical impedance (RJL Systems s , Detroit, USA, resistance values were within 5% and reactance values within the range of 10% precision of standard) in the supine position after a 12-h fast. 17 Abdominal adipose tissue area was evaluated by CT (Siemens Volume Zoom, Germany) at the level of fourth lumbal vertebra. Subcutaneous and intra-abdominal fat (IAF) areas were calculated as described previously.
18
Assays and calculations Blood and plasma glucose were measured by the glucose oxidase method (Glucose & Lactate Analyzer 2300 Stat Plus, Yellow Springs Instrument Co., Inc., Ohio, USA). Plasma insulin and C-peptide were determined by radioimmunoassay (Phadeseph Insulin RIA 100, Pharmacia Diagnostics AB, Uppsala, Sweden). Serum lipid and lipoprotein concentrations were determined from fresh serum samples drawn after a 12-h overnight fast. Cholesterol and triglyceride levels from whole serum and from lipoprotein fractions were assayed by automated enzymatic methods (Roche Diagnostics, Mannheim, Germany). Serum FFAs were determined by an enzymatic method from Wako Chemicals GmbH (Neuss, Germany 
Statistical analysis
Data analyses were performed with the SPSS 11.0 for windows programs. The results for continuous variables are given as means7s.d. Variables with skewed distribution were logarithmically transformed for statistical analyses. Linear mixed model analysis was applied to test the differences between the groups and to adjust for confounding factors. 20 Pedigree membership was included as a random factor and gender as a fixed factor. Correlation between continuous variables was tested using linear regression analysis. The incremental insulin areas under the curve were calculated by the trapezoidal method.
Results
Among 129 offspring included in the study, no significant gender differences were found regarding age, BMI or glucose tolerance. Men had higher waist circumference and higher IAFM (assessed with CT) than women despite lower TFM (assessed with bioelectrical impedance). Furthermore, men had higher blood pressure, fasting glucose, total cholesterol and triglycerides, and lower high-density lipoprotein (HDL) cholesterol than women (Table 1) . For further statistical analyses, subjects were grouped according to the genderspecific median of IAFM (114.4 and 66.1 cm 2 for men and women, respectively) and TFM (19.1 and 23.5 kg, respectively). These cutoff points were used to define the following four subgroups: subjects with low IAFM and TFM, subjects with high IAFM and low TFM, subjects with low IAFM and high TFM and subjects with high IAFM and TFM. In the entire study group, the Pearson correlation coefficient between IAFM and TFM was 0.413 (Po0.001). Among the parameters measuring adiposity and fat distribution, TFM had the highest correlation with subcutaneous fat mass (r ¼ 0.875, Po0.001), and IAFM with waist circumference (r ¼ 0.709, Po0.001). Within each subgroup the correlation between IAFM and TFM was no longer statistically significant, whereas the correlation between subcutaneous and TFM was statistically significant (r ¼ 0.675, Po0.001 in the group of low IAFM and low TFM; r ¼ 0.888, Po0.001 in the group of low IAFM and high TFM; r ¼ 0.610, P ¼ 0.007 in the group of high IAFM and low TFM; r ¼ 0.848, Po0.001 in the group of high IAFM and high TFM). The correlation between IAFM and waist circumference was significant in all groups (r ¼ 0.710, Po0.001 in the group of low IAFM and low TFM; r ¼ 0.587, P ¼ 0.010 in the group of high IAFM and low TFM; r ¼ 0.534, Po0.001 in the group of high IAFM and TFM), with the exception of subjects with low IAFM and high TFM (r ¼ 0.066, P ¼ 0.796). Table 2 shows clinical and metabolic characteristics of the subgroups. Subjects with a similar amount of IAFM had similar metabolic characteristics, independently of adiposity. High amount of IAFM was associated with adverse metabolic changes, such as high diastolic blood pressure, high fasting and 2-h insulin, 2-h glucose, triglycerides and low HDL cholesterol.
Similar differences between the groups according to the amount of IAFM were observed in substrate oxidation and energy expenditure during the hyperinsulinemic clamp. The rates of WBGU during the clamp was higher in subjects with low IAFM (63.99717.00 and 63.52715.48 mmol/kg/min in subjects with low and high TFM, respectively) than in subjects with high IAFM (52.77712.32 and 47.767 14.41 mmol/kg/min in subjects with low and high TFM, respectively, Figure 1a ). The differences were attributable to both oxidative and nonoxidative glucose disposal (22.4374 Figure 1b and c). However, the differences between subjects with low IAFM and low TFM, and subjects with high IAFM but low TFM, did not reach statistical significance (P ¼ 0.053 for oxidative and P ¼ 0.098 for nonoxidative glucose disposal).
Energy expenditure was similar in subjects with high IAFM, independently of TFM (20.7771.53 and 20.877 1.62 cal/kg LBM/min in subjects with low TFM and high TFM, respectively), but significantly lower than in subjects with low IAFM (21.5471.86 and 22.9172.64 cal/kg LBM/ min in subjects with low TFM and high TFM, respectively, Figure 2a) . No statistically significant differences were Lipid oxidation during the clamp was highest in subjects with high IAFM and TFM (0.3270.29 mg/kg/min for subjects with low IAFM and TFM; 0.3770.30 mg/kg/min for subjects with high IAFM but low TFM; 0.3170.20 mg/kg/ min for subjects with low IAFM but high TFM; 0.5670.31 mg/kg/min for subjects with high IAFM and TFM, Figure 2c ). That was also seen in respiratory quotient, which was lowest among subjects with high IAFM and TFM (0.8970.04, Figure 2b ). No significant differences were observed in FFA levels in fasting or during the clamp (data not shown).
First-phase insulin secretion in an IVGTT was highest in subjects with high IAFM mass but low TFM (3005.77 2074.7 pmol/l/min), reflecting compensatory hyperinsulinemia to insulin resistance. However, this compensation was not observed in subjects with high IAFM and high TFM (1971.871198.9 pmol/l/min) whose insulin level paralleled those of subjects with low IAFM and low TFM (1503.67998.9 pmol/l/min) and subjects with low IAFM and high TFM (1908.671378.5 pmol/l/min, Figure 3a) .
There was a clear association between IAFM and adiponectin level independently of TFM (11.1174.51 for subjects with low IAFM and low TFM; 8.1272.77 for subjects with high IAFM and low TFM; 11.5474.77 for subjects with low IAFM and high TFM and 8.3573.05 mg/ml for subjects with high IAFM and high TFM, Figure 3b ). Similar findings were observed with respect to CRP level, although only the difference between subjects with low IAFM and high TFM, and subjects with high IAFM and TFM reached statistical significance (1.3571.94 for subjects with low IAFM and TFM; 2.5273.51 for subjects with high IAFM and low TFM; 1.2871.20 for subjects with low IAFM and high TFM; 2.8373.22 pg/ml for subjects with high IAFM and TFM, Figure 3c) .
We also analyzed our data including IAFM and TFM as continuous variables in regression models, because subdividing study subjects into four different groups may reduce the power of statistical analyses. In univariate linear regression analysis, only IAFM, but not TFM, was significantly associated with low rates of WBGU (Po0.001), low energy expenditure (Po0.001) and high lipid oxidation during the clamp (Po0.001), low adiponectin level (P ¼ 0.002) and high CRP (Po0.001). When both TFM and IAFM were included as independent variables in multiple linear regression models, all P-values remained practically unchanged, verifying that IAFM was associated with adverse changes in metabolic variables independently of TFM.
Discussion
The most important findings of our study were that in a large sample of offspring of T2D parents, subjects with high IAFM had hypoadiponectinemia and high CRP level, and during hyperinsulinemia, low rates of whole body, oxidative and nonoxidative glucose uptake, low energy expenditure and high rates of lipid oxidation. As previous studies have not included indirect calorimetry, our findings related to intracellular glucose metabolism, lipid oxidation and energy metabolism are novel. Adjusted for gender and familiality using mixed linear model. *Pr0.05 for pairwise comparison between groups II and III. **Pr0.05 for pairwise comparison between groups III and IV. ***Pr0.05 for pairwise comparison between groups I and II.
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Abdominal obesity is a central feature of the metabolic syndrome and closely associated with insulin resistance. 21 In most previous studies, and also in the present study, insulin resistance has been associated more strongly with IAFM than with subcutaneous fat mass, although also opposite findings, suggesting a stronger relationship between subcutaneous fat mass and insulin resistance, have been published. 7, 8 In addition, our results that subjects with low IAFM but high TFM had similar metabolic profile as did subjects with low IAFM and low TFM, gives further evidence that metabolic consequences of obesity are largely attributable to high IAFM. In fact, the subgroup having high IAFM but low TFM fulfils the criteria for 'metabolically obese normal weight subjects', introduced already over 20 y ago. 22 IAFM was associated with all components of the metabolic syndrome, except for systolic blood pressure that did not differ significantly between the groups. This indicates that high blood pressure has different etiology compared to other components of the syndrome. Of importance is also our finding that subjects with low IAFM and high TFM and subjects with high IAFM and low TFM had similar waist circumference, although completely different metabolic profile. Therefore, although waist circumference can be generally used as a measure for intra-abdominal obesity in clinical practice, this is not applicable to all subjects. Thus, the clinical significance of abdominal obesity should be evaluated in relation to other characteristics of the metabolic syndrome.
The most significant difference between the groups having high IAFM was that the first phase insulin secretion in an Visceral fat and metabolic abnormalities U Salmenniemi et al IVGTT was clearly impaired in subjects with high TFM, and that compensatory hyperinsulinemia observed in subjects with high IAFM and low TFM was missing. This is partly due to a high number of subjects with IGT in this group, but it may also reflect the accumulation of lipids in b-cells with weight gain, which might lead to lipotoxicity and reduced insulin secretion capacity. 23 Similarly, subjects with high IAFM and TFM differed from other subjects with respect to substrate oxidation during hyperinsulinemia. These subjects had the highest rate of lipid oxidation reflecting 'metabolic inflexibility' associated with insulin resistance. 24 Decreased lipid oxidation during postabsorptive phase may result in lipid accumulation in skeletal muscle, which impairs insulin signalling through substrate competition. 24 High IAFM was also associated with low energy expenditure during hyperinsulinemia. This novel finding suggests that viscerally obese subjects are likely to be more prone to weight gain than subjects with low IAFM. One potential explanation is lower dietary-induced thermogenesis, secondary to impaired sympathetic stimulation in visceral obesity. 25 While our data clearly show that high IAFM plays a central role in the pathogenesis of obesity-related disorders, including insulin resistance, it is impossible to conclude which one of these two, IAFM or insulin resistance, is the primary metabolic abnormality on the basis of a cross-sectional study. Insulin resistance and visceral obesity are tightly linked through increased delivery of FFAs from expanded visceral depots to liver resulting in increased gluconeogenesis, verylow-density lipoprotein particle production and hyperinsulinemia. 26 However, some recent data on lipolytic activity and FFA availability of different adipose depots demonstrate that the relative amount of portal vein FFAs derived from visceral fat is much less than that derived from lipolysis of subcutaneous fat. 27, 28 Although FFAs are elevated when IAFM increases, only approximately 5 and 20% of portal vein FFAs originates from visceral fat in lean and obese subjects, respectively. 27, 28 Other potential site-specific differences in adipocyte biology making visceral obesity more harmful are differences in cell size, production of adipokines, and hormonal and neuronal responsiveness. 29 Our findings are in accordance with the hypothesis that hyperinsulinemia, lipid abnormalities (high triglycerides and low HDL cholesterol) and changes in adipokine and cytokine levels (low adiponectin and high CRP) are related to an increase in IAFM.
In conclusion, our study demonstrates the impact of IAF on metabolic consequences associated with obesity in offspring of T2DM patients. Adverse metabolic changes were observed even in normal weight subjects with high IAFM. Furthermore, high IAFM was associated with low energy expenditure during hyperinsulinemia, suggesting susceptibility to weight gain and thereby further deterioration of metabolism in viscerally obese subjects. Finally, our data suggest that overweight subjects with low visceral fat mass are relatively free of metabolic complications of obesity. Visceral fat and metabolic abnormalities U Salmenniemi et al
